Ecoevolutionary processes affecting hosts, vectors and pathogens are important drivers of zoonotic 24 disease emergence. In this study, we focused on nephropathia epidemica (NE), which is caused by 25
Emerging infectious diseases (infections that have newly appeared in a population, or have 51 existed but are rapidly increasing in incidence or geographic range, \ (Morse and Schluederberg, 52 1990 ) have become an important public health threat these last decades (Daszak et al., 2000; King 53 et al., 2006) . The need for integrating evolutionary concepts to better understand and prevent them 54 has recently been advocated (Vander Wal et al., 2014) . Hence, hosts, vectors and pathogens evolve 55 in response to environmental selective pressures but also as a result of inter-specific interactions, 56 what, in turn, strongly impacts infectious disease dynamics and emergence. 57
Among important zoonotic (re-)emerging agents are hemorrhagic fever-causing hantaviruses of 58 the Bunyaviridae family (Vapalahti et al., 2003) . They are mainly rodent-borne (Henttonen et al., 59 2008) and are responsible for two kinds of human syndromes, hemorrhagic fever with renal 60 syndrome (HFRS), mainly in Eurasia, and hantavirus cardiopulmonary syndrome (HCPS) in the 61 Americas. For twenty years, since reliable tools for hantavirus infection diagnostics have become 62 available, the (re-)emergence of zoonoses associated with hantaviruses has been recognized as a 63 growing public health concern worldwide. In Europe, an increase in amplitude and frequency of 64 epidemics due to hantaviruses has been observed these last 20 years (Heyman et al., 2011) . 65
Moreover, the geographic distribution of hantaviruses is expanding (e.g. for Seoul virus Jameson et 66 al., 2013; Mace et al., 2013) . Although this may be potentially and partly explained by increased 67 clinician awareness and easier access to diagnostic tests, a significant rise in the real number of 68 human cases is very likely (Heyman et al., 2012; Reynes et al., 2015) . In France, Puumala virus 69 (PUUV) is the main agent of hantavirus infections. It induces an attenuated form of HFRS called 70 nephropathia epidemica (NE). PUUV is transmitted to humans via aerosols contaminated by excreta 71 of its unique and specific natural reservoir host, the bank vole Myodes glareolus, which is a forest 72 dwelling rodent species (Brummer-Korvenkotio et al., 1982) . Although M. glareolus exhibits a 73 spatially continuous distribution all over France, except on the Mediterranean coast, human cases 74 are mostly being reported in the northeast part of the country (National Reference Center for 75
Hantavirus http://www.pasteur.fr/fr/sante/centres-nationaux-reference/les-cnr/hantavirus, but see 76 Reynes et al., 2015) . Elsewhere, PUUV can be absent or the prevalence of PUUV in bank vole 77 populations can reach high levels without any human case being reported yet (Castel et al., 2015) . 78
Niche modeling approaches based on climatic and environmental factors have been conducted to 79 5 better predict the spatial distribution of NE disease (Zeimes et al., 2015) . They highlighted 80 geographic areas of high risk of NE emergence, although neither seropositive bank voles nor human 81 cases had been detected yet. They also failed to detect geographic areas with high levels of PUUV 82 prevalence in reservoir populations and no human case reported. These results suggest that the 83 drivers of NE emergence are just beginning to be elucidated, and that other important factors than 84 abiotic ones, including evolutionary processes and PUUV and/or host genetic characteristics, could 85 be relevant. In particular, selective pressures affecting host-pathogen interactions may promote the 86 evolution of different defense strategies in hosts, ranging from resistance, i.e. the ability to reduce 87 pathogen burden to tolerance, i.e. the ability to limit the damage caused by a given parasite burden 88 (Schneider and non-endemic regions at the European and regional scales. It was suggested that this 95 immunoheterogeneity could reflect some balance of resistance / tolerance to PUUV. Indeed PUUV 96 infection in bank vole is chronic and mainly asymptomatic (but see Tersago et al., 2012) and 97 mounting immune responses is energetically costly and can induce immunopathologies (e.g. in 98 human infections, Vaheri et al., 2013) . Guivier et al. (2010; therefore proposed that bank 99 voles from NE endemic areas would be more tolerant to the virus as a result of co-adaptation 100 whereas those from NE non-endemic ones would be more resistant. 101
In this context, we proposed to investigate the hypothesis that immunoheterogeneity between 102 bank vole populations could influence the geographic distribution range of PUUV, using two 103 complementary approaches, natural population surveys and experimental infections. We focused on 104 bank vole populations settled on both parts of the southern limit of PUUV distribution in France 105 ( Fig. 1) , i.e. in the NE endemic area (human cases regularly reported, Jura, see National Reference 106
Center for Hantavirus data) and in the NE non-endemic area (no human case ever reported yet, Ain). 107
Our first objective was to discard the possibility of a spatial barrier that could prevent or limit the 108 transmission of PUUV from the Jura to the Ain bank vole populations. Our second objective was to 109 6 test the assumption of an important regional immunoheterogeneity between bank vole populations 110 that could reflect different levels of sensitivity to PUUV infection. We predicted bank voles from 111
Ain to be less sensitive to PUUV infection than those from Jura. Under this hypothesis, we 112 expected bank voles from Ain to exhibit lower probability of infection and higher levels of immune 113 responses to PUUV infection, hence reflecting their higher levels of resistance to this hantavirus. We analysed a subset of 170 bank voles including 10 adult PUUV-seropositive individuals and a 176 number of PUUV-seronegative individuals that enabled to reach about 30 voles per site with an 177 equal sex ratio. Total RNA was extracted from a piece of spleen using the NucleoSpin© 96 RNA 178 kit (Macherey-Nagel) following manufacturer's instructions. As secondary lymphoid organ, the 179 spleen has important immune functions and is the site of low levels of PUUV replication (Korva et 180 al., 2009) . RNA extractions were electrophoresed on 1.5% agarose gels and visualized using 181 ethidium bromide staining to check for quality, then total RNA concentrations were measured using 182 a NanoDrop 8000 spectrophotometers (Thermo Scientific) and normalized to 200 ng/µL using 183 RNase free water. For β-actin, Tnf-α and Mx2, we used specific primers described in previous 184 studies (Guivier et al., 2010; Guivier et al., 2014) . For Tlr7, we designed the following specific 185 primers based on the cDNA consensus sequences obtained for 12 M. glareolus samples (GenBank 186
Accession
Numbers: KX463605 -KX463616): Tlr7-Mg2-F 187 (5'-TACCAGGACAGCCAGTTCTA-3'), Tlr7-Mg2-R (5'-GCCTCTGATGGGACAGATA-3'). 188
We generated cDNA from 4 µL of extracted RNA (800 ng per reaction), in a 20 µl reaction, using 189 the Improm-II Reverse Transcription System (Promega), according to the conditions specified by 190 the manufacturer for oligo (dT)15 primers. We performed a quantitative PCR on a LightCycler 480 191 (Roche Diagnostics), using the 384-multiwell plate format, as previously described in Guivier et al. 192 (2010; . PCR efficiencies were estimated using the LinRegPCR software (Ruijter et al., 2009). 193 Candidate gene mRNA relative expression levels were estimated for each sample using the method 194 developed by Pfaffl (2001) . in Ain and Arbois forest in Jura) and using the same sampling protocol as described above. They 200 were brought back to the laboratory, tested for the presence of anti-PUUV IgG, held during three 201 weeks in quarantine and then retested for the presence of anti-PUUV IgG. Ten voles from Ain and 202 nine voles from Jura, all of them being seronegative, were transferred in a ABSL-3 capacity and 203 held individually in ISOcages N (Tecniplast). Food and water were provided ad libitum, with fresh 204 vegetables once a week. 
Natural population analyses 232
We analysed the genetic structure of bank vole populations using microsatellite data. We tested 233 the conformity to Hardy-Weinberg equilibrium (HWE) for each locus and each population. We 234 analyzed linkage disequilibrium (LD) for each pair of loci using GENEPOP v4.2 (Raymond and 235 Rousset, 1995) . Corrections for multiple tests were performed using the false discovery rate (FDR) 236 approach as described in Benjamini and Hochberg (1995). We described the spatial genetic 237 structure by estimating the genetic differentiation between each pair of sites using Weir and 238
Cockerham's pairwise F ST estimates (1984). Significance was assessed using exact tests and FDR 239 corrections. Several complementary analyses were performed to test for the existence of spatial 240 barriers that could limit vole dispersal in this area, especially between Jura and Ain. We first 241 computed a discriminant analysis of principal components (DAPC), which is a multivariate, 242 model-free approach to clustering (Jombart et al., 2010) . Because DAPC is sensitive to the number 243 of principal components used in analysis, we used the function optim.a.score to select the correct 244 number of principal components. We next performed an analysis of molecular variance (AMOVA) 245 in Arlequin v3.5.1.2 (Excoffier and Lischer, 2010) . Compared to the DAPC, it enabled to test 246 specifically for genetic differences between regions, considering the potential variability between 247 sites within each region. Finally models of isolation by distance (IBD) were applied to test for 248 geographic-genetic correlations. IBD models were analyzed independently for each region and for 249 the whole dataset, so that disruption of gene flow between regions could also be detected. Genetic 250 differentiation was estimated for each pair of individuals and Mantel tests were applied to test for a 251 correlation between matrices of genetic differentiation and of Euclidean distances between 252 individuals, using 10000 permutations, in GENEPOP. We also calculated confidence intervals for the 253 slope of the regression line by bootstrapping over loci (ABC intervals, Di Ciccio and Efron, 1996) . 254
We tested for variations of serological and immunological characteristics in natural populations 255 between regions using generalized linear mixed models with the GLMER function implemented in 256 the LME4 package for R 3.1.0 (R Core Team, 2013). The fixed variables included in the models 257 were region, sex and weight and all pairwise interactions. When they were non-significant, they 258
were removed from the model. The factor site was included as a random factor. Chi-square tests 259 11 with Bonferroni correction were applied to analyze the effect of significant variables using the 260 package PHIA for R. We analysed independently PUUV serological status (using a binomial 261 response variable) and each gene expression level Qn (using a log-transformed response variable 262 for the three genes). To prevent confounding effects due to the potential induction of the three 263 candidate genes expression following PUUV infection, we limited our statistical analyses to 264 PUUV-seronegative bank voles (Guivier et al., 2014) . 265 266
Experimentation analyses 267
We tested for regional differences in bank vole responses to PUUV experimental infection by 268 examining the levels of anti-PUUV IgG (OD 450nm , using a normal response variable) between Jura 269 and Ain through time. Generalized mixed linear models were applied as described above. The fixed 270 variables included in the models were region, dpi and their interaction. Spatial pairwise F ST ranged between 0.009 and 0.03. All of these estimates were significant after 286 FDR correction (Table 2 ). DAPC clustering showed that the genetic variation of the six sites 287 overlapped (Fig. 2) , although the first discriminant component tended to slightly separate the two 288 regions. The second discriminant component revealed that one site in Jura (Mignovillard) tended to 289 12 be different from the three others and that the two sites in Ain tended to be separated from each 290 other (Fig. 2) . AMOVA analyses revealed an absence of significant differentiation between the two 291 regions, and significant variation between sites within regions (Table 3) . IBD patterns were highly 292 significant whatever the dataset considered. Genetic differentiation between bank voles decreased 293 with spatial distance, and the slope of these regressions were similar, respectively 0.003, 0.004 and 294 0.005 for Ain, Jura and the whole dataset, confirming an absence of spatial barrier between the two 295 regions (Table 4) . 296 297
Variations of serological, virological and immunological features in natural populations 298
277 bank voles were trapped in the six sites surveyed (Table 1) . Among them, 12 captured in 299 Jura were PUUV seropositive. Two of these individuals had very low OD. Moreover, they had a 300 low body mass, so that we thought they were juveniles carrying maternal antibodies and not PUUV 301 infected individuals (weight lower than 17.5g, see Voutilainen et al., 2016) . They were therefore 302 excluded from further analyses. None of the bank vole captured in Ain was PUUV seropositive. 303
Seroprevalence levels in Jura sites ranged between 7.1 % and 10.0 %, except in Mignovillard where 304 no PUUV seropositive bank vole was detected. The best model that explained bank vole serological 305 status only included weight (X 2 1 = 5.541, p = 0.019). Heavier bank voles were more likely to be 306 PUUV seropositive. 307
The serum, lung, liver and urine of the 10 adult seropositive individuals were tested using 308 qRT-PCR. Three sera were PUUV negative and the seven other samples showed viral RNA ranging 309 between 1.01e4 and 1.58e5 copies.mg -1 . The viral RNA load in the lung and liver ranged 310 respectively between 7.50e6 and 4.88e9 copies.mg -1 , and 1.79e6 and 8.63e8 copies.mg -1 (Suppl. 311 Table S2 ). Urine samples could be collected for only five of these 10 adult bank voles. Two of these 312 excreta were PUUV positive as their quantitative RT-PCR cycle thresholds, C T , were lower than 35 313 cycles. The viral load ranged between 2.08e4 and 2.26e4 copies.mg -1 . 314
Extreme values of gene expression levels were detected for the three candidate genes (60% 315 higher than the other values). The models were run with or without these extreme values. Mx2 gene 316 model revealed a significant difference between regions (without outliers: X 2 1 = 4.56, p = 0.033; 317 with outliers: X 2 1 = 6.00, p = 0.01 Fig. 3a ). Bank voles from Ain over-expressed Mx2 compared to 318 those from Jura. Tlr7 gene model included the variable sex (without outliers: X 2 1 = 13.67, p = 2.10 -4 ; 319 13 with outliers X 2 1 = 7.80, p = 0.005, Fig. 3b ), with higher values of Tlr7 expression detected in 320 females than in males. When including outliers, Tnf-α gene model revealed a significant effect of 321 region, weight (X 2 1 = 9.173, p = 0.002; X 2 1 = 4.474, p = 0.034; respectively, Figs. 3 c, d ) and of the 322 interaction sex * region (X 2 1 = 5.783, p = 0.016). Tnf-α expression was higher in bank voles from 323
Ain than those from Jura. This effect was stronger when considering males only. These results have 324 to be taken cautiously as they turned to be non-significant when the outliers were not included in 325 the model. Then we only found a significant effect of weight (X 2 1 = 11.50, p = 6.10 -4 ), with heavier 326 bank voles exhibiting higher levels of Tnf-α expression than lighter ones. 327 328
Variations of serological and virological features during experimental infections 329
Three bank voles died before the end of the experiment and were not considered in the analyses. 330
Among the 16 remaining bank voles experimentally infected with PUUV (eight from Ain and 8 331 from Jura), 14 seroconverted by the end of the study. The two bank voles that did not seroconvert at 332 the end of the experiment (55 dpi) originated from Ain (Suppl . Table S3 ). Considering bank voles 333 that seroconverted, our model showed a lower OD 450nm in voles from Ain than those from Jura (X 2 1 334 = 4.126, p = 0.042, see Fig. 4 ), and a significant variation of OD 450nm through time (X 2 1 = 195.129, p 335 = 2.10 -16 ). 336 Viral RNA was detected by qRT-PCR in the sera of a single bank vole from Ain at 14 and 20 dpi. 337
Nested RT-PCR allowed detecting PUUV RNA at 8 dpi in the sera of two bank voles from Ain and 338 of four bank voles from Jura (Suppl . Table S4 ). In addition, PUUV RNA could not be detected in 339
any feces or saliva samples tested using qRT-PCR or nested At the end of the experiment (55 dpi), viral RNA was detected by qRT-PCR in the lungs of 13 341 bank voles (including one that did not seroconvert) over the 16 infected during the experiment. The 342 relative amount of PUUV RNA ranged between 4.34e5 and 4.07e7 RNA copies. mg -1 (Suppl. Table  343 S5). The statistical model revealed that PUUV viral load in lungs did not vary between the two 344 regions. The amounts of viral RNA detected in the other organs were lower and concerned less 345 individuals, in particular in liver : only four individuals showed positive results, and less than 346 3.07e6 RNA copies. mg -1 were detected (Suppl . Table S5 ). Finally, no viral RNA could be detected 347 in saliva or urine samples collected at 55 dpi, and only two bank voles (one from each region) had 14 Finally, our results revealed a strong inter-individual variability in the serological / virological 350 relationships. All bank voles but one that seroconverted had at least one organ/excreta with viral 351 RNA at 55 dpi. Moreover, one bank vole that had not seroconverted at 55 dpi exhibited viral RNA 352 in its lungs and kidneys (Suppl . Table S5) 
-High bank vole gene flow between the two French regions Ain and Jura 379 15
We developed a population genetic approach to evaluate the possibility that a spatial barrier 380 could prevent bank vole gene flow from Jura to Ain, what would limit the chance of PUUV 381 introduction in this latter region through the dispersal of infected animals. Indeed PUUV is 382 transmitted directly between bank voles, from contaminated excreta or through bites, without any 383 vector (Korpela and Lähdevirta, 1978; Yanagihara et al., 1985) . PUUV introduction from one site to 384 another may therefore strongly result from the introduction of an infected bank vole, either through 385 wood transport or natural dispersal. For example, Guivier et al. (2011) showed that despite frequent 386 local extinction of PUUV in hedge networks, the virus was frequently re-introduced in these 387 habitats through the emigration of seropositive bank voles coming from close forests. 388
Our results revealed weak spatial genetic structure between sites and regions, with levels of 389 genetic differentiation ranging between 1 and 3%. These estimates are very similar to the levels of The fact that the rates of isolation by distance did not differ within region and over the whole 399 dataset corroborated the hypothesis of an absence of spatial barrier disrupting gene flow between 400 Jura and Ain. As such, the possibility for PUUV infected bank voles to disperse from Jura to Ain, 401 and consequently, the possibility for PUUV introduction in Ain seemed likely. 402
Considering this possibility, the reason why PUUV, which is known to circulate in Jura since the 403 early 2000's, has not reached the Ain NE-free region needs to be questioned. It could be explained 404 by the low progression of PUUV from northern to southern populations, and the emergence of NE 405 in Ain would only be a question of time. It could also be due to differences in metapopulation 406 functioning between bank vole populations in Ain and Jura. Higher genetic drift, lower migration 407 rates between populations could account for lower probability of PUUV persistence in Ain (Guivier 408 et al., 2011) . However, we did not find any evidence supporting this hypothesis based on the 409 16 population genetic analyses conducted using microsatellites. We therefore explored the possibility 410 that bank voles from Ain and Jura could present different levels of sensitivity to PUUV infections, 411 that would in turn lead to contrasted PUUV epidemiology in these two regions. 412 413
-High levels of immunoheterogeneity between bank voles 414
The assessment of immunological variations in wild populations has recently been at the core of 415 eco-epidemiological studies, enabling the analysis of their environmental and evolutionary causes 416 as well as the prediction of their epidemiological consequences (Jackson et al., 2011). Here we 417 described strong individual variability of bank vole immune responses from both natural population 418 survey and experimental infections. In the wild, susceptibility, defined here as the probability of 419 being infected with PUUV, strongly depended on the weight of bank voles, which is a proxy for age 420 and/or body condition. Heavier/older bank voles are likely to disperse more than younger ones and 421 have accumulated more opportunities to be exposed to PUUV (see for details Voutilainen et al., 422 2016 ). In addition, these heavier/older bank voles could also suffer from immunosuppression due to 423 high levels of corticosterone associated with breeding or to decreased body condition (Beldomenico 424 et al., 2008) . Moreover, we revealed variable amounts of viral RNA between bank voles, for all 425 organs and excretas considered, what may result from differences in the time since infection or 426 individual characteristics. The low number of animals that could be handled in highly secured 427 animal facilities (ABSL3) did not enable to test the impact of individual factors on the probability 428 of getting infected and on their specific sensitivity. Nevertheless, the experiments conducted 429 allowed controlling for PUUV strain or quantity injected, and some variability was still detected 430 both in anti-PUUV antibody production (e.g. 2 out of 16 bank voles did not seroconvert 55 days 431 post-infection) and in the amount of viral RNA detected in organs and excretas. It was therefore 432 relevant to analyse whether immune responsiveness also differed between bank voles. Considering 433 three immune related candidate genes, namely Tlr7, Mx2 and Tnf-α, we found that sex was an 434 important factor mediating inter-individual immunoheterogeneity. In the wild, females 435 over-expressed Tlr7 gene compared to males. These observations corroborated common patterns 436 observed in vertebrates showing that females are more immunocompetent than males (Klein and 437 Flanagan, 2016) . Indeed, TLR7 is involved in the recognition of diverse viruses (Heil et al., 2004; 438 Lund et al., 2004) and impaired expression and signaling by TLR7 may contribute to reduced innate 439 immune responses during chronic viral infections (Hirsch et al., 2010) . The sexual dimorphism in 440
Tlr7 gene expression is observed in bank voles for the first time. This gene is linked to the X 441 chromosome, and it belongs to the 15% of X-linked genes escaping inactivation and being 442 expressed from both the active and inactive X chromosome (Plath et al., 2002) . This could explain 443 the over-expression of Tlr7 gene observed in females compared to males. Surprisingly, we did not 444 find any evidence of higher levels of Tnf-α gene expression in female compared to male bank voles, 445 as was previously detected by Guivier et al. (2014) . Higher expression levels were even detected in 446 males compared to females in the region Ain. This pattern was driven by three bank voles with 447 extreme values, that might correspond to recently infected males and blur the general picture 448 the experiment could support the hypothesis that sensitivity to PUUV did not differ between these 466 two regions. However, this result has to be taken cautiously as it is likely that variability in virus 467 replication and excretion might only be visible sooner after the infection (Hardestam et al., 2008; 468 Dubois et al., 2017a). Because we observed more bank voles from Jura than Ain with PUUV RNA 469 in their sera eight days after the infection, we can not refute the possibility of a regional 470 heterogeneity in sensitivity to PUUV. 471
The immune-related gene expression analyses conducted using wild bank voles also provide 472 arguments in favor of this hypothesis. Rodents from Ain over-expressed Mx2 and Tnf-α genes 473 compared to bank voles from Jura. These results are congruent with previous studies conducted in 474 the French Ardennes and over Europe (Guivier et x : samples not available. N indicates that the qRT-PCR has been done but the cycle threshold was too high (above 45).
3 Supplementary Table 3 . Anti-PUUV antibody responses of bank voles to PUUV infection through time. The amount of anti-PUUV IgG is expressed using the optical density measured at 450 nm (OD 450nm ). A sample is considered as seropositive when the OD 450nm exceeds 0.1 (values are then indicated in bold).
The three animals that died at 28 dpi are not included in the Table. Supplementary -indicates bank voles that did not seroconvert during the experiment; + indicates bank voles that seroconverted during the experiment. Viral RNA is expressed in RNA copies. mg -1 . N indicates that the qRT-PCR has been done but the cycle threshold was too high (above 45).
